2
S

Z

Ky
'

7

=

KO

o 2
1P
f ot 7

ATy b
(VAN

26 November 2002

ERRATA SHEET
(Change Notice)

C1TO: TECHNICAL REPORT ARCCB-TR-02015
MAIN BATTLE TANK FLEXIBLE
GUN TUBE DISTURBANCE MODEL.:
THREE-SEGMENT MODEL
By
Henry J. Sneck

Please remove the cover from the above publication

and insert new cover enclosed. The report title has been corrected.

U.S. ARMY ARMAMENT RESEARCH,
DEVELOPMENT AND ENGINEERING CENTER

CLOSE COMBAT ARMAMENTS CENTER
BENET LABORATORIES

WATERVLIET,. NY 12189-4000



DISCLAIMER
The findings in this report are not to be construed as an official Department of the
Army position unless so designated by other authorized documents.

The use of trade name(s) and/or manufacturer(s) does not constitute an official

endorsement or approval.

DESTRUCTION NOTICE
For classified documents, follow the procedures in DoD 5200.22-M, Industrial
Security Manual, Section II-19, or DoD 5200.1-R, Information Security Program
Regulation, Chapter IX.
For unclassified, limited documents, destroy by any method that will prevent
disclosure of contents or reconstruction of the document.
For unclassified, unlimited documents, destroy when the report is no longer

needed. Do not return it to the originator.




REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
Blank) October 2002 Final
4, TITLE AND SUBTITLE 5. FUNDING NUMBERS
MAIN BATTLE TANK FLEXIBLE GUN TUBE DISTURBANCE MODEL: Sales Order No. 2WHR-BV
THREE-SEGMENT MODEL
6. AUTHORS
Henry J. Sneck
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
U.S. Amy ARDEC NUMBER
Benet Laboratories, AMSTA-AR-CCB-O ARCCB-TR-02015
Watervliet, NY 12189-4000
9. SPONSORING / MONITORING AGENCY NAME(S} AND ADDRESS(ES) 10. SPONSORING / MONITORING AGENCY
U.S. Army ARDEC REPORT NUMBER
Close Combat Amaments Center
Picatinny Arsenal, NJ 07806-5000
11. SUPPLEMENTARY NOTES

Presented at the 10™ U.S. Amy Gun Dynamics Symposium, Austin, TX, 23-26 April 2001.

Published in proceedings of the symposium.

12a. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution unlimited.

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

A rational approach o disturbance rejection is proposed and applied to a simple three degree-of-freedom flexible gun tube model using feedforward
and feedback compensation. The first two natural frequencies of the pin-free and cantilever tube are matched by adjusting the dimensions of the
rigid segments and the stiffness of the torsional springs that join them. It was found that, contrary to the previously analyzed two degree-of-freedom
segment model, the muzzle-end segment could be stabilized by the proper choice of transfer functions and elevation driveline response. The
analysis serves to establish the requirements for the transfer functions and stabilizing actuator systems.

14. SUBJECT TERMS

Gun Tube, Flexible, Stabilization

15. NUMBER OF PAGES
22

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED

UL

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-1
298-102




TABLE OF CONTENTS
Page
INTRODUCGTION ...ccutetiirirreerieseneierseseesessesnssesssiesseressessessssssssasesessestossssensasassssassssssessenessssess 1
EQUATIONS OF MOTION. ...couriimiiminsinstsnssssmsssssssssisssssssiss s ssssis s snasssns 1
FEEDBACK AND FEEDFORWARD CONTROL.......cccccevmuninriiininecnninestecscesesacesesssessesens 3
DISTURBANCE REJECTION .....ccciviririririiiiniineiinsesestssessissnsssssssissessessssssssssesssssssssssssosess 5
IMPLEMENTATION......cooitrteiteenrererneecnrestsnctssestestssestsnssaessesssstssessesessestssessessessessessessssnssssas 6
TUBE MODEL PARAMETERS .......oovetiiiiiiecninientrcninneisscsiasssesessesisssssessessessesssssssasssons 7
CONCLUSIONS.....coeetirecrereteentrsesestsaesestesetesseseessststasssssesestssesssssssstossaesssssassssssssntonterssssassases 13
REFERENCES ......ooiititiinereteereesteesesseseestsessssesessessessessensssssessassstossatesssassssesssnssnessssnonsssssens 14
APPENDIX A ....coiieieieeeerneseneeersiete st sesnenaesessesesesessesssstesessentonssssssansssesssssssssassessessssssnsassnses 15
APPENDIX B ....ooiicreererereeereesetssessessestestssesets e sessessenesessassessessasessestssssansssenesassnsssenessoneas 15
APPENDIX C...ooeteeereerieresesenseescseestesessessesessesessssessessessesesssstonesssssesesssssssssssssssassansassssassnoneos 15
APPENDIX D...ouiitreeienrieieeseeetseesetsesstssssetsssatonsassessesssessssssssssstsssssssssoncsssnssssnssssssosessonsrsssssss 16
APPENDIX E .....ovitiieieeneneteienticstestsssssenesissessessssesessessessssisssssssissssssssssssssnsossonsonsssssrsnssnsnsases 17
APPENDIX F....cootiirriinrenireetseneteseetsaestsessessessstosseesestosescssssesssssssssssssssssnssssnessonsonsasenssssasseseosss 17
APPENDIX—G ............................................................................................................................... 18
NOMENCLATURE .......coivtrerertrienerineenesstsessesesesescssssessesssstessssessesssssstsssssessesssssssssssssssnssssenses 19
LIST OF ILLUSTRATIONS
1. Gun eneric MOAEL.......c.cvreceircrriiiiiiiicn e eaes 1
2. Block diagram of gun tube SYSteIM.......ccccoveerureceririineniiniiiinieiesiriesscsrsaesesseseeesenesnaas 4
3. BOAE PlOtS OF G G juveerenirinieenrereerieietetsseesteeeneeassststesesssessesaisssssessessssssesssessesssssessaneen 8
4. BOAE PIOLS Of G G12ueruvemvecreneeeernisiecmeceisscstiiesinnesre st s s s bes s sasssnessessennas 9
5. BOde PLOtS Of Ge G22.ueevcnercereeecniiiiinnineinintiiiititsctse st se e b sene 9



10.

BOde PlOtS Of @) c.vevveeirieeeirenirercctcrteee ettt st seesnesressee s e se e st saes st sn s enesnne 10
BOde PIOtS Of @7 cevruveeerieiieteieteteeet ettt sere et stesa e st se s se s ns et sesnes 11
BOAE PIOtS OF @13 couvivereerireienrenreectrteinr et esreetesessee st sesse st s e sasese st s sne b ees st sansasnnensens 11
BOAE PIOtS Of 2] couevueeriiiiiiirieeeitecnire st seete st estestss e ssess e sesaeeseeseasasesessassnassasnesnaresnans 12
BOdE PIOtS Of @3] «eveerereeiicerierieiec sttt sae sttt essa e e s e aesesaese st ens 12

ii




INTRODUCTION

Modermn tank cannons are long, relatively, thin, beam-like hollow cylinders. Their
accuracy is, in part, determined by their flexibility, especially under dynamic loading. Very
small deflections and rotations of the muzzle end can have a significant influence on the
accuracy of the shot at long ranges. Muzzle motions induced by firing are inevitable, and
difficult to control because the time scale of firing is of the order of milliseconds.

Another source of muzzle motion is the ground-induced motion of the vehicle. These
motions, transmitted through the trunnions and gun actuators, can be quite large and have
frequencies comparable to the natural frequencies of the tube. The time scales of these
disturbances depend on the tank speed and on the nature of the terrain. They are typically of the
order of seconds or longer. Sensing and actuation to control the influence of vehicle motion on
the muzzle response might be possible, given these relatively long time scales. This raises two
questions. First, is it possible to reject some, or all ground motion disturbance from the muzzle
motion? In a previous paper (ref 1) it was suggested that not all of the disturbance could be
rejected. Second, if the more comprehensive model used here indicates that all of the
disturbance can be rejected, what is the required control strategy?

During a discussion with Dr. Purdy, author of Reference 2, he suggested that the fidelity
of his two-segment flexible model, documented in Reference 1, was inadequate. He
recommended that the tube should be divided into at least three segments, with intervening
torsional springs and dampers. The author is indebted to Dr. Purdy for this suggestion since this
report is the result of his recommendation.

EQUATIONS OF MOTION

Figure 1 shows the generic model of the tube and the various quantities that determine its
dynamic behavior.

Figure 1. Gun generic model.




A free body analysis of this model yields the classical dynamic equation

] BTl k) 011 )
The elements of mass, damping, and stiffness 3x3 matrices are shown in Appendix A.

Purdy (ref 3) has shown that the tube motion can be adequately modeled if the segmented
model matches the pinned-free and cantilever frequencies of the mounted tube. Matching is
accomplished by adjusting the size of the rigid segments and the stiffness of their connecting
torsional springs. The 2x2 matrices for the cantilever mode are outlined in Appendix B.

Transformation of equation (1) into the frequency domain will allow its incorporation
into the control strategy. Taking the Laplace transform of equation (1) yields

xcgs; Fc(z))

(s S VS

[a] 62(s) [ ] ( ) ()
93(5) gp(s)

The elements of [a] and [/] are listed in Appendix C. This equation relates the response
vector on the left to the disturbance vector on the right. These vectors also contain the actuator

force, F,, and the actuator displacement, x., in addition to disturbances (szy,(s), s6,(s), G(s)) and
the responses 6,(s), 6:(s), 65(s).

xc(s) ‘ Fc(s)
6,(s)| _ 1[ ][C“I] s2,(s)

6,(s)  det 56,(s) ©)

8,(s) 8,(s)

where [C] is the transpose of the numerators of the cofactors of [a]. The elements of [C] and det
[a] are listed in Appendix D.

The final step in the preparation of the dynamic equations is to perform the operation

][C] [7]=[5] )

det[a

where the elements of [B] can be found in Appendix E.




The result of these straightforward, but laborious manipulations, is an equation for the
response to the disturbance in terms of the properties of the model contained in [B], i.e.,

8 FC(?))
6,(s)| _(o1]5°Wils
6.0 =5, (5)

8,(s) 8,(s)
Of course, it was known at the outset that equation (1) could be put into this form. This

section merely provides the details of how this transformation is performed, and documents the
intermediate steps and their components.

©)

FEEDBACK AND FEEDFORWARD CONTROL

The portion of the response due to the applied actuating force is

xc(s) Bll

91(3) _ | Ba _

ez(s) - B, Fc—[Gp]Fc ©)
93(5) B,

where [G,] is the "plant" transfer function.

The portion of the response due to the disturbance is

x.(s) B, B, B, s2y (s)
o,\s B, B, B !
1( ) _|P2 Bun B 56,(s) t = [Gd ] {D} 7
0, (S) By, B, B, P (s)
o, (s) » B, B, B, ?

where [G,] is the disturbance transfer function and {D} is the disturbance vector.

Figure 2 is a block diagram of the gun tube system with a gain G, feedback H,
feedforward G4, and reference signal R. Because R is a scalar, the feedforward transfer function
1s a row vector, 1.e.,

[ch ] = [Gn G, Gl3] ®




{D} __ _ _ __
' !
| i
ch - :F' Gd ' ;
! |
F_ l | + X,
{ 1 + 92
I | 93
H |-

Figure 2. Block diagram of gun tube system.

Assuming that the tube rotations at the trunnions and the muzzle can be sensed, the
feedback transfer function is also a row vector, i.e.,

[H ] = [0 G, 0 Gu] ®

Now referring to Figure 2, the response to the disturbance for the controlled system is
l6.]- |6, llc.ll6.ko}=[11+|6, (6. ][]l {6, (102

or in abbreviated notation

[¢]{D}=[q]{6,} (10b)

The final step in these manipulations is to solve for the response to the disturbance, which
is

{6-}=1lal" [d]{D} o p ][r]’ [¢]{D} (10c)

where [r] is the matrix of the cofactors of [¢].

The matrices []” and [d] are given in Appendix F. It is interesting to note that [d]
contains only the feedforward transfer functions G;;, G2, and G,3, while [r] and det[g] contain
only the feedback transfer functions, G,,, and G...




DISTURBANCE REJECTION

Referring to Appendix F, the expanded version of equation (10c) is

x.(s) ry ry 0 r,\ld, d, dg 2
s°y,(s)
01(5) _ 1 0 r, 0 r,||ldy d, dy 0 (s) (10d)
0, (S) det[Q] 0 1y 1y rsl|ldy dyy dy 0 ;s)
0;(s) D 0 r, 0 r,jld, d, dg ?
where
det[‘]]= 1+B, GGy, +B,G, G, (11)
To completely remove the effect of the disturbances on 83(s)p requires that
o @y +7ydy =0 (12a)
Folyy +¥,d,;, =0 (12b)
T2 @y + 7y dy; =0 (12¢)
and
detlg]# 0 (12d)

One way to accomplish this is to let G,; = 0 so that

r,=—-B,G,G, =0 (13)
and then choose
d,=B,-B,G,.G, =0 (14a)
d,=B,;,-B,,G,G,=0 (14b)
d;=B,-B,G,G,;=0 (14¢c)
so that
detlgl=1+B,G. G, =1, =1, =r, (14d)



and
Y =1,ry=r;=r,=0 (15)

The effect of this choice on the disturbance transfer function is

r, 0 0 r,||d, 4, d;
[ ]T [ ] Ea 0 r, 0 r,|ld, d, dj (16)
det [q ] |0 0 ry rsild, d; dy

0o 0 0 r,lo o o

An alternative strategy is to let 744 = I + B3; G. G; = 0, and then choose d;; =dz; =dy; =
0 so that det[q] = B4; G. G24 = r;; = r33. However, in the end the resulting disturbance transfer
function is the same as created by equation (16).

Since the fourth column of [r]” is eliminated by the matrix multiplication and det[q] = r;,
= ry; = 33, det[q] will be eliminated from the transformation.

IMPLEMENTATION

This analysis of the three-segment model indicates that model muzzle element can be
stabilized by properly selecting the feedforward and feedback transfer functions. This is contrary
to the finding for the lower order two-segment model (ref 1). Although the three-segment model
only approximates the real tube, the results of this model are encouraging with respect to real
tubes.

In order to achieve muzzle stabilization, the breech-end of the gun must be actuated.
Segments 1 and 2 will also rotate. These motions are determined by equations (14) and (16). All
of the elements of [d] can be wntten in terms of the elements of [B]. Because [#]” acts like an
identity matrix, the product []’[d] is quite simple. If the process is carried a step further, the
result can be put in terms of the elements of [C] with startling results, i.e., d2; =do3 =ds =d3; =
0, and only d;; = d;; = d;3 = d;;, and d3; are nonzero. The surviving elements are

1

4y = _E;(_i—et_[a—] ((Cu C; -C, Gy ) Iy, + (CM Cu=CyCy )1‘2) (172)

d, =—(C.Cy-C,C,) 1, +(C,C,-C,C,)1,) (170)
C,, det|a]

d31 —E,-,_d—;[—] ((CM C33 C13 C.u ) I nt (C,,, C43 C12 C“) 142) (17c)




1

d;,= m‘—] (C14 C,-C, C24)123 (17d)

1
d; = Tdet[a_] (Cu C,-C,Cyu ) 1, (17¢)

These transfer functions relate the disturbances to the responses. All of the C's are of
order s* with the exception of C;;, which is of order s°. Since there is no restraining torsional
spring connecting the tube to the mount in the model, s = 0 is a root of det[a]. Removing this
rigid body factor from det[a] reduces it to order 5.

TUBE MODEL PARAMETERS

The feedforward transfer functions depend on the length and mass properties of the
segments, the torsional stiffness of the joining springs, and the torsional damping coefficients.
These are chosen so that the actual cantilever and pin-free mode shapes and natural frequencies
are matched as closely as possible (ref 3). To simplify the matching process, it is assumed that
the damping is negligible. The first estimate of the segment lengths can be obtained by "fitting"
the straight-line segments to the mode shapes obtained from a finite element model of the tube or
other modal analyses. This fitting is best done by graphically overlaying the segments on plots
of the mode shapes to estimate the segment lengths. The calculation of the mass properties of
the segments can then be performed and these, along with the modal frequencies, inserted into
the characteristic equations. The characteristic equations will then contain only the torsional
stiffnesses as unknowns. The cantilever and pin-free equations are both quadratic so that the
stiffness coefficients can be found directly. The degree of matching is determined by how
closely the cantilever and pin-free stiffnesses agree.

The characteristic equations for the cantilever and pin-free segments are given in
Appendix G. Although the pin-free equation appears to be sixth-order, it has a double root that
is zero. The calculations for this trial-and-success process are easily implemented on a
spreadsheet.

The XM291 tank gun was chosen for modeling because its mode shapes and frequencies
were available from an existing, validated analytical model. Matching the stiffnesses proved to
be surprisingly easy, requiring only modest adjustments to the first estimates of the segment
lengths. Since all their frequencies (cantilever: 97.4 Hz, 40.35 Hz; pin-free: 25.08 Hz, 81.59 Hz)
were inserted into the characteristic equations, they are matched exactly. The torsional
stiffnesses for the pinned-free and cantilever modes were matched within 2% using the lengths /;
=6.0 ft, [ =5.5 ft, and /3 = 6.0 ft. From this process the model torsional stiffnesses, k;; =
3.6(10% Ib-ft/rad and k3 = 1.69(10%) Ib-fi/rad were obtained

Dynamic analyses (refs 2, 3) have successfully modeled tube response using proportional
damping, i.e., [¢] = A[k]. In the case of the XM291, f=0.0015 second has been found to be
reasonable. A reasonable estimate for trunnion damping is ¢,,= 750 1b-ft-s/rad.




The first attempt to determine the feedforward transfer function using equations (12) and
(13) failed because some of the roots of By; were positive. This difficulty was eliminated by
using the alternative strategy described above, with the following results:

r,=1+B, G, G, =0 (18)
.G, =2z (192)

BZI
.6,=2n (19b)

BZI

B

G.G, =22 (19)

i3 BZI

The det[a] plays no role in these functions because it is canceled by ratioing the B's.
Figures 3 and 4 show the Bode plots of G. G;; and G G». The transfer function G, G;; is zero
so that 6, is not fed forward. The numerators and denominators are all fifth-order polynomials,
so that the high and low frequency gains are bounded.
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Figure 3. Bode plots of G, G;.




Phase (deg); Magnitude (dB)

To: Y(1)
o

52.5 ; .

52 J

505 -

50 : - - ot

05+ -

Frequency (rad/set)

Figure 4. Bode plots of G, G;;.

The feedback transfer function, G. G;, is shown in Figure 5. The remaining feedback
transfer function, G. G4, plays no role in disturbance rejection in this case.
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Figure 5. Bode plots of G. G,.



The elements of d;,d>3,ds;, and ds; of [d] were found to be identically zero. The
remaining nonzero elements of equations (10d) and (16) yield the following response equations:

x.=d, s’y (s)+d,s6,(s)+d,8,(s) (20a)
9, =d2152 y!(s) (20b)
6,=d,s’y,(s) (20c)

Figures 6 through 10 show the transfer functions required by the equations above.
Figures 9 and 10 show that the effects of the trunnion acceleration on 8, and 6; are highly

attenuated so that large angular displacements of the tube are not required to achieve
stabilization.

Figures 6 through 8 are quite similar. It appears that the required x, will depend largely
on the trunnion acceleration and pitch rate at very low frequencies. There is a considerable
attenuation of the disturbance inputs up to 100 rad/second (~15 Hz) with a return to the low
frequency levels at 10° rad/second (160 Hz).
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Figure 6. Bode plots of d;,.
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CONCLUSIONS

It appears that the results previously obtained with the two-segment model, (ref 1), led to
the erroneous conclusion that the effects of the disturbance could not be entirely repeated from
the muzzle angular displacement. The analysis of the three-segment model presented suggests
that this is possible, at least theoretically. Of course, the unanswered question is, "What would
be revealed by a higher-order multi-segmented model, and how many segments are enough?"

On the practical side, it is certain that the transfer functions cannot be duplicated
precisely. There are four of these that must be implemented with reasonable fidelity to achieve
the predicted results of the three-segment model. That number, along with the input signals,
indicates the magnitude of this task. While feedforward and feedback control have long been
used in fire control, it is hoped that this report provides some guidance in their use when tube
flexure is a consideration.
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APPENDIX A

m,, =1, +mm} +1}(m, +m,)
My =1, + myn; + m3122

my =1, + ”"37732

my, =my =m,hn, + mll,
myy = my, = myl1,

My = My, = myl,1,

€12 ) 0
le]=|—¢, ep+ey —cy
0 —Cas Czs

K] =| -k, ki, +ky —ky

| © —k23 k23
APPENDIX B
[m ]=[m22 m23} . [c ]=[clz +CZ3 —023] . [k ]=[k12 +k23 —k23]
L my ’ ~Cp Cas ‘ —k;s ks
APPENDIX C
a, a, 0 0
a, a, a, a G =R
2 G Gy Ay
aj= a,=a, =-k;X
[ ] 0 a, a, a, 12 2 a3 p

ay =m,s’ +(c,+c, )s+(k, X, +k;,)
@y =a; =m,s’ —c,s—k,

as = m22s2 +(012 +c,;)s+(k,, + kzs)

Ay =y =mys’ —cys—k,

Quy=mys® +Cps+hy
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I, =~(nm,+1,m,+Ilm;)

I, 0 0 I, ]23_—_clp
[I]= 0 I, I I, I, =10 I, =k,X 2
0 I, 0 0 I, =-k,X, L= ? ol
0 I, 0 0 32 n,m, +1,m;)
Iy, =-n;m,
APPENDIX D
C, C, Cy C
[C]= Cy Cp Cy Cy
Cy Ci Cy Gy
Cu Cp Cys C,

C, =azag,a, +2a,a;,,a, -(a,a;a,, +a,a,a, +a,a;a,,)
Cp=a,(asa, -aa,;)

Cys=a,(a,a, -a,a,)

Cu=a,(aya;-0a,a;,)-a,,a,a;

C,=C, =-a,(aza,-a,a,;)

Ci;=C; =a,(aza, -aza,,)
C.u=C,=-a,(aza,-aza,)

Cy=Cy=-a,(aza,-a,a,)

Cu=C,=a,(aza,;-aza,)

Ci=C;=-a,(aya,;—aya,)+a,a,a,

det[a] =a,(a,a,;a, +a,a,4a, +azasa,,)

—a,,(a,a;;0, +0a;,a,0,, +a,a5a,,)—a,a,(aa, —aa,;)
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APPENDIX E

B, B, B; B,
[B]= le Bzz Bz3 Bu

B;, B;, By By,

_B41 B, B,; B, ]

B, =C, 1, /det|d]

B, =(Coly +Cy I + C,,,I,,z)/det[a]
B,, =(C,,1,,)/ det[a]

B, =(Cy I, +C,1,,)/det|a]

B, +(C12111)/det[a]

By, =(Cyl,, +Cy,l,, +C,1,, )/ det|a]
B, = (C22123)/det[a]

By, =(Cpl,s +C,l,,)/ detla]

B,, =(C,1,,)/ det[a]

B32 = (C23122 + C33132 + C43I42)/det[a]
B, = (nglg_;)/det[a]

By, =(Cysl,s +Cy3l,, )/ deta]

B, = (C,4I,,)/det[a]

B, =(Cody + Cy 5, + C“I,,z)/det[a]
B, =(C,,1,,)/ det[a]

B, =(C 1, +C, 1, )/det[a]

APPENDIX F
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r, =detla]=1+B,,G.G,, + B,,G.G,,

ry =-B,G.G,
ry,=1+B,G.G,
r;; =-B;G .Gy,
ry=-8,G.G,

dll dIZ dl3

[d] — 321 ZZZ 223
3 32 33

d4l d42 d43

d,=B;-B,GG,
dy,; =B, -B,G,G),
d;, =B;;-B;,G.G,,
d,=8B,;-8,G.G,

APPENDIX G

Tss =1y,

ry =-B,G.G,,
re: =-B;G.G,
rs =-B3,G.G,,
ry =1+B,G.G,,

d,=B,-B,GG,
d, =B, ~B,G.G,
d; =B, - B,G.G),
d, =8,-B,GG,
d;=B,-B,G.G;
d;; =B, -B,G.G,
d;; =B;, - B;,G.G;
d;=B,-B,GG,;

w, =w, = first two natural frequencies
2 2 2 ,
ky — [(wl +o, szz M3y —MyMs, )/(m33 +2my; +m,, )11‘23

2.2 _
+m;, (wl w, anm” —m,ms, )/(m33 +2m,; +m,, ) =0

{2 2
k= (wl +a, szzmﬂ —m23m32)/m33 —(m33 +2my; +m,, )kzs /my,
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[a]
[B]
[e]
€12, €23

(€]
[d]
{D}

Fe

Gea

G

Gp

Gi1, Gi2, Gis
G22, G4

H

[
[£]
k12, k23
ks
I 1, I

[m]

NOMENCLATURE
Dynamic matrix
[C1]
Damping matrix
Damping coefficients
Trunnion viscous friction coefficient
Cofactor matrix of [a]
Disturbance input matrix
Disturbance vector
Elevation actuating force
Scalar gain
Feedforward transfer function vector
Disturbance transfef function

Plant transfer function

Feedforward transfer function vector components

Feedback transfer function vector components

Feedback transfer function vector
Forcing function matrix

Stiffness matrix

Stiffness coefficients

Drive line stiffness

Segment lengths

Mass matrix
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[q]

Xc
Xip
Yi
[7]
B

s M2, 73

Disturbance response matrix
Elevation actuator displacement
Distance from trunnions to drive
Vertical displacement of the trunnion
Cofactor matrix of [¢]

Proportional damping coefficient

Center of mass coordinates
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